The mesospheric temperature mapper (MTM) measurements on mesospheric OH (6, 2) and O 2 (0, 1) band emissions from Maui, Hawaii during July, 2002 show significant day-to-day variability. The nocturnal variability reveals prominent wave signatures with a periodicity ranging from 6 to 13 h. For better characterization of the nocturnal wave in the data, a Krassovsky's η (∼|η|e iϕ ) analysis was carried out. Deduced Krassovsky parameters show significant variability, with ranges of |η| ∼ 1.7-3.9 for the OH data and ∼4.3-13 for the O 2 data. The phase values of Krassovsky parameters exhibit larger variability, with variations from approximately −91
Introduction
Gravity waves and tides play a very important role in carrying energy and momentum from the lower atmosphere to the upper atmosphere. Their interaction with mean winds and other wave modes while passing through the middle atmosphere results in their energy and momentum being dissipated into the ambient medium and, consequently, their having a dominant role on the middle atmospheric wind and temperature field variability (Murthy, 1998) . The first theoretical study of gravity wave, tides, and their effects on middle atmospheric dynamics was carried out by Hines (1960) , and this study has been the focus of attention for the atmospheric science community (Fritts and Alexander, 2003) . For investigations on gravity wave and tides, airglow monitoring has also been a popular tool together with radar (e.g., Vincent and Lesicar, 1991; Pancheva et al., 2006) and lidar (e.g., Gardner and Taylor, 1998) . There have been several reports that utilize airglow monitoring to decipher the planetary waves (e.g., Takahashi et al., 2002) , tidal features (e.g., Taori et al., 2005) , and shorter period gravity wave activities at mesospheric altitudes (Takahashi et al., 1999; Taori and Taylor, 2006; Taori et al., 2007; Suzuki et al., 2007) .
When a propagating wave (gravity wave) in the atmosphere passes through an airglow layer, it creates perturbations in density as well as in temperature and, therefore, such waves can be characterized based on these induced adiabatic perturbations in the intensity and temperatures of Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. the airglow emission. It was Krassovsky (1972) who introduced a quantity η (for hydroxyl emission) to characterize the wave-induced perturbations as a ratio of normalized intensity perturbations to the associated normalized temperature perturbations. This quantity was initially defined as a real quantity, but subsequent model studies have redefined it as a complex quantity, given as η = |η|e iϕ . The magnitude of η is defined as
where I and T are the perturbation amplitude of the observed wave in the intensity and temperature data, respectively, and I and T are the time-averaged band intensity and rotational temperature, respectively. The phase part of the Krassovsky parameter is defined as
where I and T are the phases of the observed wave in terms of intensity and temperatures, respectively. If the intensity leads the temperature, then will be positive, and if the temperature leads the intensity, then will be negative.
The vertical wavelength (λ z ) can also be estimated using the calculated η and values as follows (Tarasick and Hines, 1990 ).
where γ = C p /C v = 1.4 is the ratio of specific heats, and H = 6 km is the scale height. (Taori et al., 2005) .
Instrumentation and Observation
The mesospheric temperature mapper (MTM), developed at Utah State University, has been utilized for the present study. The MTM measures mesospheric OH (6, 2) and O 2 (0, 1) band emissions, and line intensity, and temperature are deduced with an accuracy of more than approximately 0.5% for intensity and temperature within 3 min. It has a large format 1024×1024-pixel cooled CCD array coupled to a 90
• circular field of view telecentric lens system. The MTM uses very low bandwidth ( λ ∼ 1.2 nm) interference filters at five different center wavelengths (840, 846.5 nm for the OH (6, 2) band; 866, 868 nm for the O 2 (0, 1) band; 857 nm for the background emissions) in a sequential manner and an exposure time of 60 s for each filter, resulting in a cadence of 5.5 min. The CCD data are again binned into 8×8 on the chip to form 128×128 super-pixel image with a resultant zenithal foot print of 0.9×0.9 km per super-pixel for optimizing the temperature determination. The detailed information on the MTM could be found elsewhere (e.g., Taori et al., 2005) .
The MTM has been operating since November 2001 at Maui (20.8 • N, 156.2 • W), Hawaii as a part of the Maui-MALT program, which is jointly sponsored by U.S. Air Force Office of Scientific Research (AFOSR) and National Science Foundation (NSF). The observation period was the month July, 2002, when a large cluster of clear nights persisted for more than 5 h, enabling good estimates for nightto-night variability and long-period wave characterization during the summer months.
Results and Discussion
As part of Maui-MALT campaign, most of the July 2002 data has already been reported by Taori et al. (2005) , who elaborated on the presence of a terdiurnal wave in the mesospheric temperature data together with its relation to wind fields. However, a detailed study on the wave characterization using the simultaneous intensity and temperature data for July 2002 has remained largely untouched, these data are the subject of our study.
A summary of the observed temperature variability during July 2-19, 2002 is plotted in Fig. 1 as a contour of hourly averaged temperature data with day number along the x-axis. The data are averaged for 1 h to smooth out short-period waves, and this procedure enabled us to visualize and study the long-period structures in the data set. The temperature data exhibit large peak-to-peak variations of about 40 K during this period, with a range of 170 K to 210 K. The presence of periodic oscillations with periodicities of about 2 days in the data is interesting. This feature is evident in both the OH and O 2 temperature data. The phase of these features occurred during 0900-1300 UT near day numbers 189, 191, 193, and 195 . A similar trend was evident in the intensity data. Without a detailed quantitative analysis, it is difficult to conclude whether this is a signature of the quasi 2-day wave in mesospheric temperatures, and limited night-time data restricted us from examining such possibilities. However, as the purpose of this plot is to summarize the temperature variability during July 2002, we refrain from discussions on the possibility of quasi 2-day wave and associated dynamics. Further, as noted by Taori et al. (2005) , the best-fit analysis on the variability of the nocturnal temperature exhibited an oscillation periodicity of 6-14 h, with large population of periodicity close to 8 h in the data set with amplitudes as large as 10-12 K. A Krassovsky analysis was carried out to better characterize this wave. As explained in Eq. (1), a Krassovsky analysis provides amplitude 'η' and phase 'ϕ' information, with amplitude being a measure of the effective transfer function of the density perturbation to cause the temperature perturbations and phase being a measure of the altitudinal difference between the corresponding fluctuations in their maxima in intensity and temperature profiles (Swenson and Gardner, 1998) . Similar to the analysis described by Taori et al. (2005) ; a simple best-fit cosine model was used to determine the periodicity and amplitude of the perturbation in the nocturnal temperature and intensity data. An example of this analysis is shown in Fig. 2 for day number 190, 2002. A dominant long-period wave (principal wave) with short-period oscillatory features is evident in these data. The best-fit result shows that 8.6±0.1-h and 8.8±0.3-h waves with amplitude 10.5±0.4 K and 10.9±0.7 K are present in the OH and O 2 temperature data, respectively (small differences in values with earlier reported periodicities and amplitudes by Taori et al. (2005) are the result of different methods adopted for As mentioned above, the deduced Krassovsky parameters, show large differences from one night to other, indicating a high degree of dynamical variability at mesospheric altitudes during July 2002 over Hawaii. Figure 3 shows a comparison of our results for η and with those of earlier reports, taking the average arithmetic value with respect to periodicity, which ranges from 6-to 12-h waves (Viereck and Deehr, 1989; Takahashi et al., 1992; Oznovich et al., 1995 Oznovich et al., , 1997 Drob, 1996; Reisin and Scheer, 1996; Taylor et al., 2001; Lopez-Gonzalez et al., 2005) , and model estimates of Schubert et al. (1991) , Tarasick and Shepherd (1992a, b) , Walterscheid and Schubert (1995) , and Hickey et al. (1993) . It is evident that the observed η and ϕ values in our study show a large spread in their distribution as compared to the model values. A similar spread in the distribution of observed values of |η| has also been observed by other investigators (e.g., Takahashi et al., 1992) . In the plot, error bars in our η and ϕ values represent the uncertainty in calculating the parameter, whereas in other investigators' cases, error bars are representative of the range of variability of deduced parameters in their respective reports. It is noteworthy that the values of η for the O 2 data in our study lie somewhere between the model estimates and the values observed by other investigators, whereas for OH, our η values are less than the model values on most occasions. The variation in the O 2 phase shows that most of the time we were observing values lower than the model estimates, whereas that for the OH phase fell between the ranges of model values of several authors.
In particular, Reisin and Scheer (1996) found mean values of |η| = 5.5 ± 0.6 and ϕ = −66
• for OH and of |η| = 7.2 ± 0.5 and ϕ = −36
• for O 2 for the simultaneous O 2 and OH observations. The deduced values with our OH and O 2 data compares well with those of Reisin and Scheer (1996) , however, with the OH values being in approximate agreement. In another study, Lopez-Gonzalez et al. (2005) , based on long-term observations with a spectral airglow temperature imager (SATI) from a mid-latitude station, reported a mean |η| of approximately 5.89 for semi-diurnal tides during April to September for the O 2 data and an |η| of approximately 18.1 for the OH data, with extreme variability (range shown in Fig. 3) ; these results do not agree with our results. In contrast, our observed |η| (7.04±0.65) is a good match with the O 2 emission values reported by Takahashi et al. (1992) (6.9±0.3) . In general, we find that there are significant differences in the calculated parameters for OH among various investigators. This may be due to the oxygen profile variability (Offermann et al., 1981) and |η| dependence on O profile and complex OH chemistry (Walterscheid et al., 1994) at the OH altitude region. Another possible explanation may be the quenching of molecular lines by collision with perturbed molecules during the transitions from several vibrational levels, as discussed by Makhlouf et al. (1995) , which can also affect the derived η parameter. At the same time, varying background wind conditions may also alter the deduced parameters (which should not be too different for OH and O 2 layers).
It is interesting to note that all the models show the phase ϕ for OH to be a negative value (or upward phase progression), with the exception of the model of Walterscheid and Schubert (1995) . Our observed phases also show negative values (except for one night), corresponding with the values reported by other investigators. Our derived values for ϕ also closely match those based on other observations (Viereck and Deehr, 1989; Reisin and Scheer, 1996) . However, one should note that modeled values show significant differences with observed ones. Differences in theory and observation may be due to the horizontal wavelength assumed in the model or the Prandtl number (ratio of kinematic viscosity to thermal diffusivity) assumed. The Prandtl number is important in theoretical calculations and modeling, especially when in terms of dissipating waves owing to molecular viscosity and thermal diffusivity while they propagate in the atmosphere. An error in the Prandtl number assumption will affect the derived wave parameters (λ z , η etc.), which will in turn mask the actual ones.
The Doppler shifting of wave periods by the mean wind may also account for the discrepancy (Viereck and Deehr, 1989) , creating a distinction between theoretical and observed periodicities. This distinction becomes relevant with the fact that during July 2002 mesospheric winds exhibited significant variability, as shown in figure 2 of Taori et al. (2005) . Comparative studies between several investigators had also been discussed by Makhlouf et al. (1995) and Viereck and Deehr (1989) . In particular, Makhlouf et al. (1995) attempted to account for the η characteristics by modifying Hine's model and using a new photochemical dynamical model (PDM); however, they were still unable to explain the appearance of the negative phases appropriately. Hines and Tarasick (1987) found a wide range of η variability, which is consistent with their theory, and Hines and Tarasick (1997) subsequently discussed the necessary correction for thin and thick layer approximations for the calculation of η from airglow emissions due to gravity waves interaction. Hines et al. (1997) pointed out that OH emission intensity, which affects the derived η, does not depend on the oxygen profile and other minor species; this contradicts the theory of Walterscheid et al. (1994) , Schubert et al. (1991) , and Offermann et al. (1981) , as described in the previous section. In the light of above hypotheses, a large range in the observed η values are expected.
Observed vertical wavelength (VW) values for all the nights of the observation show significant differences between OH and O 2 , as given in Fig. 4 where vertical bars indicate the error bar for our study and the ranges of variability for other investigators' studies plotted together. The VW for OH reveals a larger variability between +99.44±3.8 and −174.74±16.5 km and that O 2 has a range of −19.06±1.5 and −96.35±5.9 km. The mean VW values for OH and O 2 are calculated to be −80.79±15.4 and −49.02±5.7 km, respectively, which are greater in magnitude than those of other investigators. Most of the days have negative values for ϕ and λ z , indicating upward propagating gravity waves and tides-i.e., the downward phase progression. The values obtained by Reisin and Scheer (1996) and LopezGonzalez et al. (2005) have also been shown in the plot for a comparison. It is noteworthy that for all the days λ zOH are generally higher than the λ zO 2 , which indicates the dissipation-dominated atmospheric conditions prevailing at that time, which reduce the vertical wavelength of the waves considerably as they propagate upward. Most probable contributing factors for such a dissipation are molecular viscosity and thermal diffusivity, with the latter acting as a filter of various periodicity waves at various altitudes (Hines, 1960) . Vadas and Fritts (2005) have shown (equation (72) in their paper) that kinematic viscosity ∝ λ 3 z , concluding that waves with a higher frequency and higher vertical wavelength will travel a higher altitude in a dissipationdominated atmosphere and that this dissipating effect also increases with altitude, which is conspicuous in our results of decreasing λ z with altitude. We have also found possible cases of evanescence (Tarasick and Hines, 1990) for OH where λ zOH ≥ 100 km. A few cases of evanescence were also found by Reisin and Scheer (1996) . Our values lie well within the ranges reported by other investigators. Noteworthy, the values reported by Reisin and Scheer (1996) , who found a mean VW for OH of approximately −30 km and one for O 2 of approximately −40 km, with ∼40 km variability, are somewhat in agreement with our values. However, Lopez-Gonzalez et al. (2005) observed approximately the same values-around approximately −10 km for OH and approximately −40 km for molecular oxygen.
Overall, although there has been significant progress made in our understanding of the effects of gravity waves on airglow emissions with the use of Krassovsky analysis, very little data are available on ter-diurnal type of waves. Given that our data sets focus on the 8-h periodicity wave, our results are important. The aim of our study is to fill the gaps of Krassovsky parameters between the semi-diurnal range and short period (0.5-1 h) waves. The observed variability in our data surely indicates conspicuous signatures of wave activities in the mesopause region. Interestingly, a comparison with other observations and model values exhibit no systematic agreement, thereby illustrating the necessity for more detailed data with supplementary imagery and wind information.
